Early investigations of the effect of exogenously administered NO on myocardial contractility indicated that NO has a negative inotropic effect [1, 2] . However, recent findings suggest that NO exerts a positive inotropic effect [3] [4] [5] [6] . The conflicting results appear to be due to differences in the NO concentrations used in individual studies; experiments in which high concentrations of NO donors or authentic NO were administered showed negative inotropism, and those involving relatively low concentrations tended to show positive inotropism. However, the actual concentrations of NO manifesting these biphasic contractile effects have not been defined, partly because the concentrations of NO donors do not reflect actual NO concentrations during the experiments. The reason for this is that the actual NO concentration is calculated on the concentration of NO donors and the rate of NO release, but the latter varies depending on the presence of trace metals, the composition of the solution, pH, temperature, and other factors [7] [8] [9] . The recent elegant experiment by is the only study in which biphasic contractile effects were demonstrated with NO concentrations measured by using an NO analyzer. In this study, we confirmed their results, focusing on the physiological range of NO concentrations and using an NO electrode that allows real-time measurement of NO concentration. The effects of NO donors and authentic NO were compared to confirm that the changes induced by NO donors are caused solely by NO released by the donors and are not the effects of decomposition products or of the NO donors themselves. The intracellular ] i transient were inhibited by an inhibitor of soluble guanylate cyclase (ODQ, 30 M) or by an inhibitor of cAMP-dependent protein kinase (KT5720, 0.1 M). In the presence of an inhibitor of cGMP-inhibited cAMP-phosphodiesterase (milrinone, 10 M), NO failed to increase both cell shortening and the [Ca 2ϩ ] i transient. These results suggest that physiological levels of NO induce positive inotropy through a cGMP-dependent pathway.
Abstract: We used authentic NO or NO from NO donors to show that the physiological levels of NO (Ͻ1 M) induce a positive inotropic effect and demonstrated that the effect is evoked through a cGMP-dependent pathway. In isolated rat ventricular myocytes, authentic NO at 588 nM increased both cell shortening and the intracellu- pathways of NO-mediated regulation of inotropism were also examined.
MATERIALS AND METHODS
Cell preparation. Animals were maintained and used according to both the National Institutes of Health Guidelines of Laboratory Animal Care and the Animal Care Protocol of Tokai University.
Cardiac myocytes from rat ventricles were prepared as described previously [10] . Briefly, a Sprague-Dawley rat was anesthetized with pentobarbital. The heart was rapidly excised and perfused retrogradely via the aorta, using the Langendorff method with a solution containing 0.5 mg/ml collagenase (Type II, Worthington) for about 20 min. The left ventricle was then removed, chopped into small pieces, and shaken at 37°C for 10 min in a flask. The cell suspension was filtered, and the single cells were kept in 47.5% solution A, 47.5% medium 199, and 5% FCS at room temperature until use (up to 4 h).
Experimental protocol. Cells loaded with calcium indicator, Fluo 3, were placed in a chamber with inlet and exit ports and superfused with the buffer at a rate of 2 ml/min. The chamber was placed on the stage of an inverted phase-contrast microscope (Axiovert Zeiss, Oberkochen, Germany), and measurements of cell shortening and intracellular Ca 2ϩ ([Ca 2ϩ ] i ) were performed. An authentic NO (concentration Ͻ2 mM) was infused from a side arm at volumes of 0.02 to 0.5 ml/min while the measurements were continued. For experiments with NO donors, NOC18 or SNAP was dissolved in the buffer at 0.1 mM, and the resultant solution was used for infusion. The buffering potency of 40 mM HEPES-buffered physiological solution is sufficient to maintain the pH at 7.4 in the chamber after NO infusion. The final concentration of NO in the chamber was measured concomitantly with the contraction experiments by means of an NO-selective electrode (501, Inter Medical Co. Ltd., Nagoya, Japan). The NO-selective electrode was calibrated with SNAP [11] . All the experiments were performed at approximately 37°C under thermostat control.
Solutions and drugs. An authentic NO solution was made by bubbling NO gas into O 2 -purged 40 mM HEPES-buffered physiologic solution in specially designed airtight test tubes for 20 min just before the experiment. The NO solution was withdrawn from the bubbling tube into an airtight glass syringe, which was then connected to the main perfusion system, and constantly infused at the rate of 0.02 to 0.5 ml/min. The decomposition of NO in the NO solution was done by incubating the solution for 30 min at 37°C. An N 2 solution was made by bubbling 100% nitrogen gas into HEPES-buffered physiologic solution. HEPES-buffered physiologic solution (pH 7.4) containing (mM) NaCl 123, KCl 5, CaCl 2 1.8, MgCl 2 1, glucose 5.5, and HEPES 40 was used in all experiments. 2,2Ј-(Hydroxynitrosohydrazino)bis-ethanamine (NOC18), diethylenetriamine, S-nitroso-N-acetyl-dlpenicillamine (SNAP), N-acetylpenicillamine (NAP), 1H-[1,2,4]oxadiazolo-[4,3-a]quinoxalin-1-one (ODQ), and milrinone were purchased from Sigma Chemical Co. KT5720 was purchased from Calbiochem. Stock solutions of ODQ and KT5720 were prepared in DMSO (final concentration of DMSO Ͻ0.05%).
Measurements of cell shortening and intracellular Ca
2؉
. The contractile state of the myocytes was assessed by the use of an optical video motion detector system (VMD200, NIC Co. Ltd., Fujisawa, Japan) as described previously [12] . [Ca 2ϩ ] i was monitored by the use of the fluorescent calcium indicator, Fluo-3, as described previously [10] .
Statistical analysis. The results are expressed as meanϮSEM. Intergroup comparisons are made by Student's t-test for two groups and by ANOVA, followed by Tukey's test for multiple groups.
RESULTS

Effect of authentic NO on cell shortening and [Ca
2؉
] i transient Figure 1 shows a simultaneous recording of cell shortening and the [Ca 2ϩ ] i transient during the infusion of authentic NO. The infusion (final concentration 588Ϯ6 nM) induced increases in cell shortening and [Ca 2ϩ ] i within 5 min, and the changes peaked at 8 min (Fig. 1, A, B) . The peak increases amounted to 133Ϯ6 and 117Ϯ6% of baseline, respectively (pϽ0.01 and pϽ0.05 vs. baseline, respectively; ] i transient (100Ϯ1 and 99Ϯ2% of baseline, respectively).
The dose-dependency of the effect of NO on cell shortening amplitude was examined by infusing various concentrations of NO from 60Ϯ10 to 6,800Ϯ600 nM (Fig. 2) . A concentration of NO lower than 150 nM had no significant effect on cell shortening. The concentrations of NO between 150 nM and 1.7 M elicited dose-dependent increases in cell shortening. A high concentration of NO (6,800Ϯ600 nM) decreased cell shortening to 86Ϯ5% of baseline (data not shown). ] i transient (Fig. 3) .
Effect of NO from NO donors on cell shortening and [Ca
Effect of NO in the presence of soluble guanylate cyclase inhibitor
A principal pathway for intracellular NO signaling involves activation of soluble guanylate cyclase and the production of cGMP [13, 14] . Therefore we tested the effect of NO in the presence of ODQ, a potent and selective inhibitor of soluble guanylate cyclase activity [15, 16] . As shown in ] i transient by NOC18 in the presence of ODQ were 102Ϯ23 and 101Ϯ9% of baseline, respectively (Fig. 4B) , indicating that the inotropic effect of NO is mediated by the activation of guanylate cyclase (GC).
Effect of NO in the presence of inhibitor of cGMP-inhibited cAMP-phosphodiesterase
Because the inhibition of cGMP-inhibited cAMPphosphodiesterase (PDE III) is a plausible pathway of action by the increased cGMP generated by the activation of GC [17] , NO-induced augmentation of cell shortening and the [Ca Fig. 5B ). In the presence of milrinone, authentic NO-induced increases in cell shortening were inhibited (data not shown), indicating that the subsequent pathway of action by the increased cGMP is indeed an inhibition of PDE III.
Effect of NO in the presence of inhibitor of cAMP-dependent protein kinase (PKA)
The inhibition of PDE III results in increases of cAMP and PKA activities [18] . The positive response induced by a low concentration of NO was examined in the presence of a specific PKA inhibitor, KT5720 [19, 20] . As shown in Fig. 6 , an exposure to 0.1 M KT5720 alone did not induce a change of cell shortening (94.3Ϯ3% of baseline), and there was no increase in cell shortening when authentic NO (588 nM) was added in the presence of 0.1 M KT5720 (Fig. 6) . These results are consistent with the idea that the positive inotropic effect of physiological concentrations of NO is mediated via the pathway GC→cGMP increase→PDE III inhibition→cAMP increase→PKA activation (Fig. 7) . 
DISCUSSION
Physiological concentration of NO. The present study shows that submicromolar concentrations (0.16-1.7 M) of NO induced a positive inotropic effect in cardiomyocytes. The inotropism was dose-dependent in the range of physiological NO concentration. The above range was chosen based on studies showing that normal rat cardiomyocytes produce up to 800 nM NO when stimulated by ␤-adrenergic agonists [21] and that the level of endogenously produced NO reached 930 nM in the midventricular myocardium of isolated rabbit heart [22] . The finding of positive inotropism at low NO concentrations is in agreement with the recent study by Vila-Petroff et al. [6] , who used SNAP and NOC5 as NO donors. In our study, we used the NO donor NOC18, as well as its decomposition product and authentic NO, to ensure that the observed changes were caused solely by NO. However, several workers have observed negative inotropism at similar concentrations of authentic NO (1 to 10 M) [1, 23] . The reason for the apparent discrepancy may be the decrease in pH by NO, since NO is known to alter the pH of Krebs-Henseleit buffer bubbled with 95% O 2 -5% CO 2 , which they used [23] . In the present study, therefore, we used 40 mM HEPES buffer solution for the maintenance of pH and assessed the effect of pH or nitrite (Figs. 1 and 2) .
In papillary muscle, authentic NO did not induce a change of contractile function up to 10 M [ [24] [25] [26] . The reason for the difference between their results and Inotropic Effects of Physiological NO Levels ours could be that micromolar concentrations of authentic NO may not reach all the layers of papillary muscle.
Mechanism of NO-induced positive inotropic effect. Recent studies have suggested that NO may activate Ca 2ϩ transport proteins, in part, by nitrosylation and/or oxidation of thiols in functional proteins [27] . Nevertheless, in the present study ODQ, a guanylate cyclase inhibitor, completely inhibited both the NO-induced inotropic effect and the increased [Ca 2ϩ ] i transient (Fig. 4) , suggesting that the intracellular signal pathway is via the activation of soluble guanylate cyclase. This is consistent with the result of Wang et al., who found that ODQ or methylene blue completely blocked an NO-induced stimulation of Ca 2ϩ current [14] , but partially in conflict with that of Vila-Petroff et al. [6] , who found that ODQ did not attenuate the NO-induced inotropic effect. The intracellular signal pathway after GC appears to involve activation of cGMP-dependent protein kinase (PKG) and cGMP-inhibited cAMP-phosphodiesterase (PDE III) [28, 29] . The binding of cGMP of PDE III reduces the activity of PDE III, and this results in an increase of cAMP. A PDE III inhibitor, milrinone, and a PKA inhibitor, KT5720, inhibited the positive effect of NO (Figs. 5 and 6 ). It appears that cGMP activates PKG and cGMP-stimulated cAMP-phosphodiesterase (PDE II), which results in a decrease of cAMP. However, the K m of PDE III for cGMP is 100-fold lower (0.1 M) than the K m of PDE II (10 M) or PKG (Ͼ10 M) for cGMP [28, [30] [31] [32] [33] . This may account for the negative inotropism at high NO concentration.
In summary, the present results demonstrate that exogenously applied submicromolar concentrations (0.16-1.7 M) of NO evoke a dose-dependent positive inotropic effect. The intracellular mechanism appears to invove an increase in cAMP level via inhibition of PDE III by cGMP.
